Bioprinting is a rapidly developing technique for biofabrication. Because of its high resolution and the ability to print living cells, bioprinting has been widely used in artificial tissue and organ generation as well as microscale living cell deposition. In this paper, we present a low-cost stereolithography-based bioprinting system that uses visible light crosslinkable bioinks. This low-cost stereolithography system was built around a commercial projector with a simple water filter to prevent harmful infrared radiation from the projector. The visible light crosslinking was achieved by using a mixture of polyethylene glycol diacrylate (PEGDA) and gelatin methacrylate (GelMA) hydrogel with eosin Y based photoinitiator. Three different concentrations of hydrogel mixtures (10% PEG, 5% PEG+5% GelMA, and 2.5% PEG+7.5% GelMA, all w/v) were studied with the presented systems. The mechanical properties and microstructure of the developed bioink were measured and discussed in detail. Several cell-free hydrogel patterns were generated to demonstrate the resolution of the solution. Experimental results with NIH 3T3 fibroblast cells show that this system can produce a highly vertical 3D structure with 50 μm resolution and 85% cell viability for at least five days. The developed system provides a low-cost visible light stereolithography solution and has the potential to be widely used in tissue engineering and bioengineering for microscale cell patterning.
Introduction
Tissue engineering aims to use a combination of cells, materials, engineering and biochemical factors to generate biologically functional tissues and organs [1] . Due to developments in nanotechnology and microfabrication, many fabrication techniques can create customized micrometer scale scaffolds and control the distribution of cells more accurately than before, which addresses many of the previous challenges in tissue engineering [2, 3] . Among all the techniques that have been developed in the last decade, bioprinting is one of the most promising and advanced fabrication techniques. The aim of bioprinting is to use small units of living cell encapsulated biomaterials (usually hydrogels) to form the desired tissue-like structure. Bioprinting can be distinguished from the conventional 3D printing techniques that have been used to print temporarily scaffolds for surgery [4] , as bioprinting is capable of depositing cell-laden hydrogels in vitro rather than the scaffolding material itself. The advantages of bioprinting include high controllability of cell distribution, high resolution of cell deposition, and cost-effectiveness compared to other cell patterning techniques with the help of expensive 'clean room microfabrication'. Bioprinting has been utilized to regenerate artificial bone structure [5] , cartilage [6] , liver [7] , and skin [8] , as well as to investigate tumor growth [9] , mimic vascular networks [10, 11] , and manipulate stem cell differentiation [12] . Aside from the applications for tissue engineering, bioprinting is also employed to coat proteins [13] and deposit cells for drug delivery tests [14, 15] . The aforementioned successful applications for bioprinting prove its versatility and feasibility. However, traditional bioprinting techniques still have many inherent shortcomings. In order to discuss those deficiencies, it is necessary to understand the working principles of mainstream bioprinting techniques.
Currently, there are three mainstream bioprinting techniques: inkjet printing, laser-assisted printing, and extrusion-based printing [16, 17] . Inkjet printing is very similar to the conventional inkjet 2D printing [18] . The major difference is that inkjet bioprinting utilizes bioinks, the cell-laden prepolymer solution, to replace the normal 3D printing inks. However, this technique has proven difficult in printing vertical 3D structures because the inkjet printing head cannot generate a continuous flow [16] . This inherent disadvantage significantly limits the application of inkjet printing systems in bioprinting. To address this issue, extrusion printing uses a pump or a piston to continuously dispense the bioinks in the form of a high vertical cylinder. However, due to the shear stress applied to cells during extrusion, the viability of extrusion printing is relatively low, usually lower than 80% [17] . Laser-assisted printing uses a high-intensity laser to deposit the bioinks for cell patterning. Because there is no force directly applied to cells during printing, laser-assisted printing can preserve very high cell viability. However, major problems associated with this laser-assisted printer are its expensive laser sources and the complexity of laser pulse control [19, 20] .
A stereolithography-based technique was recently modified to fabricate cell-free [21, 22] scaffolds as well as cell-laden scaffolds [23] [24] [25] [26] . The stereolithographybased bioprinting system uses digital micromirror arrays to control the light intensity of each pixel for printing areas in which light-sensitive polymer materials are polymerized by the light. Stereolithography has many advantages as compared to the techniques mentioned above. First, stereolithography can print the light-sensitive hydrogels layer by layer rather than in straps or droplets. No matter how complex or large the layer is, the printing time for each layer is the same. The total printing time depends only on the thickness of the structure. The printing time under stereolithography has been reported to be around 30 min [23] . Thus, stereolithography can significantly reduce printing time. Also, stereolithography is a nozzle-free printing technique, which results in cell viability higher than 90% and resolution down to 200 μm [26] . Table 1 summarizes a brief comparison of inkjet, laser-assisted, extrusion, and stereolithography bioprinting systems. It demonstrates that stereolithography is a very competitive technique for bioprinting due to its high resolution, high speed, and high cell viability. However, current stereolithography bioprinting solutions have several limitations. Chen et al utilized an ultra-violet (UV) light source to polymerize gelatin methacrylate hydrogel (GelMA) with Irgacure 2959 photoinitiator [23] [24] [25] . UV light has been reported to damage cell DNA [27, 28] , and even induce cancer of the skin [27, 29] . Moreover, UV light is also harmful to the DMD array itself [30] . Tuan et al adopted a commercial visible light stereolithography system to polymerize cell-laden polyethylene glycol diacrylate (PEGDA) hydrogel with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator [26] . The LAP is still a UV-sensitive photoinitiator, though it can be crosslinked by a near-UV blue light. Because the system is commercially available but not fully customized to 3D bioprinting, controlling the system and the printing process may not be suitable for environmentally sensitive cells such as stem cells. Moreover, previous studies showed that near-UV blue light (400 nm-490 nm wavelength) is toxic to mammal cells and disruptive to cellular processes [31, 32] .
In this paper, we present a custom-built visible light based stereolithography bioprinting system which consists of a commercial beam projector and bioinks, a mixture of PEGDA, GelMA, and eosin Y based photoinitiator. To our knowledge, we demonstrate the first detailed schematic of a visible light based stereolithography system and reveal the necessity of an infrared ray (IR) filtering water filter to the system. By using a commercially available projector, the cost of the whole bioprinting system has been significantly reduced. Experimental results with NIH 3T3 cells demonstrate that this proposed low-cost system can support the bioprinting of visible light curable hydrogels with 50 μm resolution and high cell viability (∼85%) for at least five days.
Materials and methods

Preparation and characterization of hydrogel materials
The preparation process of the visible light crosslinkable PEG solution was adopted from [33] . Briefly, we mixed 10% w/v PEGDA solution (M n 700) in PBS with 0.01 mM eosin Y disodium salt (eosin Y), 0.1% w/v triethanolamine (TEA), and 37 nM 1-vinyl-2 pyrrolidinone (NVP). GelMA was synthesized by the process previously reported [34] . 5 g gelatin was dissolved in 50 ml dimethyl sulfoxide solvent at 50°C with stirring. Then, 0.3 g 4-dimethylaminopyridine (DMAP) was added to the mixture and dissolved. Subsequently, 2 ml of glycidyl methacrylate was added to the mixture, and the mixture was stirred for two days at 50°C. The mixture was then dialyzed with reverse osmosis (RO) water at room temperature for five days. The water was changed twice a day. After dialysis, a freeze-dried sample was achieved via lyophilization. Then, 10% w/v GelMA macromere solution was prepared with eosin Y based photoinitiator. Finally, the PEG and GelMA solutions were mixed to obtain visible light crosslinkable PEG-GelMA hybrid hydrogels (5% PEG+5% GelMA and 2.5% PEG+7.5% GelMA). All the materials used above were purchased from Sigma Aldrich, St. Louis, MO, USA.
To test mechanical properties, 5 ml of each PEGGelMA prepolymer solution was pipetted into a petri dish 6 cm in diameter and exposed to the developed visible light system for 12 min to crosslink the hydrogel. Five cylindrical specimens (12.7 mm in diameter) from each type of PEG-GelMA hydrogel were punched from the petri dish. The compressive Young's modulus of the each sample was tested by a dynamic mechanical analysis (DMA) instrument (Q800, TA Instruments, New Castle, DE, USA). The compressive modulus was determined as the slope of the linear region between strains from 5% to 15%.
For the mass swelling ratio test, six cylindrical specimens were prepared using the same method as described above, and the residual liquid of the samples was removed with a paper tissue. Then, the swollen weight of the sample was measured with a precision balance (Sartorius, Mississauga, ON, Canada). Subsequently, these samples were lyophilized at −40°C for five days to determine the dry weight of the samples. The mass swelling ratio was given by the following formula:
mass swelling ratio swollen weight of the sample dry weight of the sample . =
We examined the microstructure of the samples coated with 10 nm of gold-palladium (Au-Pd) alloy using sputtering. Images of the microstructure of each type of mixture were taken using a scanning electron microscope (Mira3 XMU, TESCAN, Brno, Czech Republic).
Cell culturing
NIH 3T3 fibroblasts were cultured at 37°C and 5% CO 2 . The cell medium consists of Dulbecco's modified Eagle medium (DMEM) with 10% v/v fetal bovine serum and 1% v/v penicillin-streptomycin. The cell medium was changed every two days. All the materials used in this subsection were purchased from Life Technologies, Grand Island, NY, USA.
Design of bioprinting system
A beam projector (HD6510BD, Acer, Taipei, Taiwan) was connected to the computer and employed as the stereolithography projection device. The projector was placed 10 cm away from the petri dish (6 cm in diameter). Between the petri dish and projector, there was a 4 cm thick water filter to block the harmful infrared radiation (IR) generated by the projector. A schematic diagram of the proposed system is presented in figure 1(a) . During printing, the displayed pattern of the projector was controlled with the computer via the HDMI port. The desired pattern was designed by the user and was saved as an STL (stereolithography) file. Then, the STL file was sliced with a gap of 100 μm in the Z direction via Freesteel Z-level slicer software (version 1.5, Freesteel, Liverpool, UK). The slices of layers were converted to binary color patterns. Exposed areas were projected with white color while the remaining parts were projected with black color. Finally, such slices were projected by the projector layer by layer to achieve the pattern of hydrogels.
A typical bioprinting process is presented in figure 1(b) . In the pre-printing stage, the STL files contained desired pattern structures, which were first designed, then sliced to form a group of layered images with binary color. In this paper, three different patterns were printed: the logo of the University of British Columbia (UBC), a mesh pattern with various line widths to verify the resolution, and a mesh with uniform line width for cell encapsulation experiments.
For the mesh pattern without cells and the UBC logo, 287 μl (approximately equal to 100 μm volume height in a petri dish 6 cm in diameter) of eosin Y based 10% PEG hydrogel prepolymer was evenly added to the petri dish with a pipette. The printing time was two minutes per layer, and we printed eight layers. The images taken of the projected UBC logo pattern during the printing process are shown in figure 1(b) . Immediately after printing, the unpolymerized part of the solution was removed to expose the printed pattern, and the sample was colored with food dye for clear visualization of the pattern. To print the cell-encapsulated mesh pattern, 287 μl of the aforementioned hydrogels (10% PEG, 5% PEG+5% GelMA, or 2.5% PEG+7.5% GelMA) mixed with NIH 3T3 fibroblasts (5×10 6 cells ml −1 ) was evenly added to the petri dish with a pipette.
Assessment of cell viability
In order to verify that the printing process is biocompatible, we checked the cell viability immediately after the printing. Printed samples were washed three times with PBS and treated with a live/dead assay (Biotium, Hayward, CA, USA) for 60 min. Subsequently, we observed the assayed samples under a confocal fluorescent microscope (FV1000, Olympus, Tokyo, Japan).
To investigate long-term cell viability, we cultured the samples for five days. On day 5, we repeated the live/ dead cell viability assessment.
We used a 10× objective and two fluorescent channels and one phase contrast channel to capture the microscope image. To avoid the crosstalk between laser signals, sequential imaging modes were used to take groups of confocal fluorescent images with a 20 μm step in the Z direction. Fluoview ASW software (version 3.1a, Olympus, Tokyo, Japan) was used to stack the fluorescent and phase contrast images taken by the microscope. Its optional 3D module was used to render and reconstruct the 3D distribution of cells. To analyze the cell viability, the images taken by the microscope were converted to 16 bit gray value format, and the cell number was counted briefly with the particle counting function (Otsu Method) in ImageJ (NIH, Bethesda, MD, USA). Finally, the cell viability was calculated by the following formula: Controlled by the computer, the projector generated binary color lights on every pixel based on a user-defined pattern. The pattern was transferred to the bioinks (red areas in the picture) layer by layer by using high-intensity white light to pattern visible light crosslinkable hydrogels. (b) Bioprinting procedure of the developed system. In the pre-printing stage, the desired pattern was designed via CAD software and sliced to a layer file. During the printing process, the pattern was transferred to the visible light crosslinkable inks layer by layer. In post-printing, the uncrosslinked inks were removed, and the pattern was washed for further culturing.
Results and discussion
photoinitiators as bioinks for bioprinting. In tissue engineering, most of the widely used photoinitiators work within the range of UV wavelength. Detailed information regarding the absorbing peak of the photoinitiators is presented in table 2. The eosin Y based photoinitiator is designed for crosslinking hydrogels in the range of green light (around 514 nm). Considering the potential harmful effects of UV light, such as DNA damage to cells [27, 28] , cancer [27, 29] , and the negative effects of near-UV blue light [31, 32] , eosin Y based visible light polymerization of hydrogel has an advantage in maintaining cell function. Eosin Y has also been reported to be less toxic than Irgacure 2959 [33] . Taking into account all of its advantages, the eosin Y based photoinitiator is an excellent choice for bioprinting systems. Although PEG is widely used in bioprinting and has excellent mechanical properties, PEG-encapsulated cell viability has been observed to decrease significantly after two days culturing [37] . Hutson et al demonstrated that, after mixing with GelMA hydrogel, the cell viability of hybrid PEGGelMA improved [37] . Motivated by this method, we investigated the feasibility of using hybrid PEGGelMA hydrogel with an eosin Y based photoinitiator for visible light stereolithography-based bioprinting.
Characterization of bioinks
Mechanical properties of the hydrogels play an important role in cell functions and differentiation. As reported in [38] , the elasticity of the matrices can direct the fate of stem cells. Bahney et al reported that, after changing the photoinitiator from Irgacure 2959 to eosin Y, the mechanical properties of the PEGDA were improved [33] . Thus, it is necessary to measure the mechanical properties of PEG-GelMA hybrid hydrogels crosslinked by the visible light from a beam projector. We utilized the DMA instrument to determine the compressive Young's modulus of the hybrid hydrogels, as presented in figures 2(a) and (b). Because the molecular weight of the PEG we used is small (∼700 Da), the 10% PEG hydrogel had a high compressive Young's modulus (∼200 kPa). After mixing it with GelMA, the Young's modulus of the hydrogels was decreased significantly, because the GelMA is a relatively 'soft' hydrogel [34] . However, compared to the 10% GelMA (15 kPa) with Irgacure 2959 photoinitiator, the Young's modulus of 5% PEG+5% GelMA with eosin Y based photoinitiator is four times higher (60 kPa). The compressive Young's modulus of 2.5% PEG+7.5% GelMA is 20 kPa, which is onethird of that of 5% PEG+5% GelMA. Therefore, the mechanical properties of GelMA can be greatly improved by adding PEG.
The swelling ratio of the hydrogels is an essential aspect of tissue engineering since it affects various parameters including surface properties and mobility and solute diffusion [39] . The swelling degree of hydrogels depends on the pore size of polymer and the interaction between the solvent and polymer [40] . The calculated mass swelling ratio of PEG-GelMA hydrogels is shown in figure 2(c) . The higher GelMA concentration was found to increase the swelling ratio. However, compared to the 10 w/v % GelMA hydrogel reported in [34] , the average swelling ratio of the three different compositions of hybrid PEG-GelMA hydrogels in this paper was significantly lower (∼6 versus ∼10). A possible reason could be that the pore size of the hybrid hydrogel network became much smaller because of the low molecular weight of PEG hydrogel.
To further investigate the changes to mechanical properties, the microstructures of three hydrogel combinations were analyzed using SEM. The SEM images of the hydrogel microstructures are presented in figures 2(d)-(f) . The microstructure of 10% PEG is very dense; no pores larger than 5 μm were observed ( figure 2(d) ). The dense structure resulted in a higher compressive Young's modulus. However, the dense structure may generate negative effects in cell culturing because it would be hard for the biomolecules in cell media to diffuse into the hydrogel. Conversely, the microstructures of 5% PEG+5% GelMA and 2.5% PEG+7.5% GelMA contained many pores with diameters between 50 and 100 μm (figures 2(e) and (f)).
Although the large pore size results in a decrease of mechanical properties, it creates better environments for cells to live and spread. The large pore size has been reported to help cells spread and proliferate [41] . The microenvironment of the hybrid PEG-GelMA was produced with significantly larger pores to improve the cell culturing.
Capability of bioprinting system
A mesh pattern with 500 μm line width and a miniaturized UBC logo were printed to show the capability of this developed printing system for customized printing. Images of the patterns colored with food dye are presented in figures 3(a) and (b) . The printed pattern demonstrates the ability of the bioprinting system to print a complex pattern with high accuracy. Although the presented mesh patterns had a 1.5 cm×1.5 cm area and finished within 16 min (2 min per layer), larger sized patterns of the same thickness can be done at the same time since stereolithography can print a whole patterned surface at once. Therefore, the printing time depends only on the thickness of the pattern. In contrast to the inkjet and extrusion printing based on 'dot' printing (i.e. [42] ), stereolithography is much faster-especially for patterns with a large in-plane area.
In order to check the minimum resolution of the developed system, a mesh pattern with different line widths was designed. The minimum resolution had the line width of one pixel. When the projector was placed 10 cm away from the petri dish, a one pixel width line generated 50 μm wide lines ( figure 3(c) ). In addition, the width of the pattern is a linear function of the number of pixels, as seen in figure 3(d) . This relationship provides a guideline for pattern design. Note that the texture on the surface of the PEGDA resulted from the photoinitiated patterning process. Lin et al also observed a similar surface texture on 4000 Da PEGDA after patterning [26] .
The higher resolution can be achieved by adjusting the projector lens to focus clearly at a near distance (i.e. 5 cm) and crosslinking the hydrogel. Compared to extrusion printing (usually with the resolution between 200 μm and 500 μm [16, 43] ), stereolithography techniques offer much more accurate microscale patterning. Thus, the quality of the printed pattern demonstrated that the developed stereolithography-based bioprinting system was able to provide an advanced, high-resolution, rapid printing method for hydrogels.
3D cell bioprinting experiments
Light directly from the beam projector is not suitable for printing cells since the lamp generates B band (long-wavelength band) infrared radiation (IR). According to our experiments, at room temperature (∼25°C), without the help of the water filter, the temperature of bioinks rose to beyond 40°C within 15 min. This high temperature caused significant cell death ( figure 4(a) ). As reported in [44] , long-wavelength IR can be absorbed by the skin, and the absorbed energy is converted to heat inside the tissue. Because water itself absorbs emitted heat generated by light, the water filter was used to investigate the cell response to strong light sources [45, 46] . For the first time, we employed a custom-built water filter in a 3D bioprinting system to avoid the effect of IR.
To check the feasibility of both proposed systems and hydrogels, NIH 3T3 fibroblast cells were encapsulated by the aforementioned three hydrogel combinations and printed by our visible light stereolithography bioprinting system. The total fabrication time for 10% PEG, 5% PEG+5% GelMA, and 2.5% PEG+7.5% GelMA was 6 min, 12 min, and 24 min, respectively. With the increment of GelMA concentration, it takes more time to crosslink the hydrogel. The live/dead assayed images of cell-encapsulated mesh patterns of 5% PEG+5% GelMA with a 500 μm line right after printing are presented in figures 4(b) and (c).
From the image, it can be observed that, immediately after printing, most of the cells were alive, and the cell distribution in the pattern was uniform. The 500 μm width patterns were sharp and clear. The cell viability results are presented in figure 4(d) . The general cell viability right after printing (day 0) was around 86%, 83%, and 80% for 10% PEG, 5% PEG+5% GelMA, and 2.5%+PEG 7.5% GelMA respectively, which were higher than most of the reported extrusion systems [17] . These results can be explained by the fact that stereolithography is a nozzlefree printing technology and we usually have high cell viability from nozzle-based printing technologies [17] . The high cell viability also makes stereolithographybased systems a competitive technology for bioprinting. It is noted that Chen et al achieved about 90% viability using their UV stereolithography system [23] [24] [25] . One possible reason for slightly decreased cell viability could be the increment of crosslinking time of the visible light bioprinting system that was used in this paper. The crosslinking time of the UV system is 8 s per layer, while the average printing time of the current system is 4 min per layer. However, as previously reported, UV light is a potential source for induction of DNA damage and cancer [27] [28] [29] . It is safer to employ visible light considering the long-term stability and functionality of the cell. In comparison to a 2500 lumen lamp used in the present projector, 4000 lumen or higher power lamps can be used if a shorter crosslinking time is desired. However, the system's cost will triple, and thus lose the advantage of costeffectiveness.
After culturing for five days, the cell viability of 10% PEG interestingly decreased to less than 60%. A possible reason could be that the pore size of 10% PEG is too small, resulting in the difficulties noted in medium diffusion. Thus, the low molecular weight PEGDA is not suitable for long-term cell encapsulation and culturing due to its small pore size. Using higher molecular weight PEGDA may improve the cell viability, since higher molecular weight PEGDA can form a relatively loose network with larger pore size if the crosslinking time remains the same [47] . Larger pore size can benefit the exchange of biomolecules and thus promote long-term cell viability [48] . However, PEGDA is not a good scaffolding material for tissue regeneration since it is non-degradable. Degradable hydrogels made partly from PEGDA, such as the poly (D,L-lactide)/poly(ethylene glycol)/poly(D,L-lactide) (PDLLA-PEG-PDLLA) [21] , can be potentially used with eosin Y photoinitiator as visible light crosslinkable bioinks. However, the compatibility between PDLLA-PEG-PDLLA hydrogel and eosin Y requires further studies.
The small pore size problem has been greatly improved by mixing GelMA with low molecular weight PEGDA, as shown in figure 2 . The cell viability of 5% PEG+5% GelMA and 2.5% PEG +7.5% GelMA was largely unchanged between day 0 and day 5, revealing the long-term biocompatibility of hybrid PEG-GelMA hydrogel as bioinks. Therefore, the hybrid hydrogel is more cost-effective for tissue engineering applications than high molecular weight PEGDA. Our result is consistent with a previous study regarding PEG dimethacrylate (PEGDMA)-GelMA by Hutson et al [37] . They observed statistically significant improvements of cell viability after mixing GelMA hydrogel with pure PEGDMA hydrogel. Also, a higher percentage of GelMA had higher long-term cell viability although it was not statistically significant. Therefore, pure GelMA crosslinked by eosin Y photoinitiator will be potentially better for tissue regeneration considering the great biocompatibility and degradability of GelMA [34, 37] . However, 10% w/v GelMA with the current concentration of eosin Y photoinitiator was not crosslinked. We will further study the feasibility of using various concentrations of eosin Y as photoinitiator to crosslink a higher percentage of GelMA in the near future.
In this study, we found that 5% PEG+5% GelMA hydrogel with eosin Y based photoinitiator is a great bioink solution for a visible light stereolithography 3D bioprinting system considering longterm biocompatibility and mechanical properties. The developed visible light stereolithography technique, which includes both a low-cost system and hybrid hydrogels, is an advanced and highly biocompatible solution for high-resolution and rapid 3D bioprinting.
Conclusion
In this paper, we present the design of a novel visible light stereolithography 3D bioprinting system and a corresponding visible light crosslinkable bioink made from PEG and GelMA. The developed system has many advantages over existing systems. In contrast to traditional bioprinting techniques, our system is low cost, but with a high printing speed and high resolution. Compared to the reported UV and near-UV stereolithography system, the visible light is safer for maintaining long-term cell functionality. The mechanical properties, biocompatibility, and microstructures of the proposed hydrogel solution were studied in detail, and the key components in the system were illustrated. For the optimized 5% PEG+5% GelMA hydrogel, a Young's modulus of 60 kPa can be achieved with about 6 mass swelling ratio and about 50 μm pore size. The developed system can reach 50 μm resolution with cell viability around 85% both right after printing and after culturing for 5 days, providing an excellent low-cost solution for bioprinting applications.
